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Supplemental Experimental Procedures 

Cloning, expression, and purification of ScNup133 and VpNup133 constructs  

The genes encoding of Saccharomyces cerevisiae Nup133 (ScNup133) 

constructs were cloned from the genomic DNA of the yeast strain Sc2601D-5 (American 

Type Culture Collection, USA). The desired truncations were PCR amplified using 

appropriate  forward and reverse primers. Similarly, the gene encoding N-terminal 

domain of Vanderwaltozyma polyspora Nup133 covering residues 55 to 502 

[VpNup13355-502] was cloned from Vanderwaltozyma polyspora (strain DSM 70294 / 

ATCC 22028) genomic DNA. The purified PCR product were subsequently TOPO® 

(Invitrogen, USA) cloned into pSGX3, a derivative of pET26b(+), giving rise to proteins 

with a non-cleavable C-terminal hexa histidine tag. The resulting plasmid was 

transformed into BL21(DE3)-Condon+RIL (Invitrogen, USA) cells for overexpression. 

Expression of Se-Met protein (1) was carried out in 1 L of HY media at 22ºC containing 

50 µg/ml of kanamycin and 35 µg/ml of chloramphenicol. Protein expression was 

induced by addition of 0.4 mM IPTG. Cells were harvested after 21 hours by 

centrifugation at 4ºC. For purification, the E. coli cell pellet was resuspended in 30 mL of 

cold buffer containing 20 mM Tris HCl pH 8.0, 500 mM NaCl, 25 mM imidazole, and 

0.1% (v/v) Tween20 and cells were lysed via sonication. Debris was removed by 

centrifugation at 4ºC. The decanted supernatant was applied to a 5 mL HisTrapHP 

column (GE Health Care, USA) charged with nickel and pre-equilibrated with 20 mM 

Tris HCl pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, and 25 mM imidazole. The sample 

was washed with 5 column volumes (CV) of 20 mM Tris HCl pH 8.0, 500 mM NaCl, 

10% (v/v) glycerol, and 40 mM imidazole and subsequently eluted with 2 CV of same 
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buffer with an imidazole concentration of 250 mM.  Eluted protein was passed over a 

120 mL Superdex 200 size exclusion column equilibrated with 10 mM HEPES pH 7.5, 

150 mM NaCl, 10% (v/v) glycerol, and 5 mM DTT (protein storage buffer). SDS-PAGE 

analysis showed greater than 95% purity and protein fractions corresponding to the 

symmetric portion of the size exclusion chromatography profile were pooled for 

concentration using AMICON spin filters. Concentrated protein aliquots were frozen in 

liquid nitrogen and stored at -80ºC. 

 

Small angle X-ray Scattering (SAXS) 

SAXS measurements of 18 constructs of ScNup133 and one construct of 

VpNup133N55-502 (Supplemental Figures S3 and S4, and Supplemental Table S1) were 

carried out both at Beamline 4-2 of the Stanford Synchrotron Radiation Lightsource 

(SSRL) in the SLAC National Accelerator Laboratory and at SIBYLS Beamline 12.3.1 of 

the Advanced Light Source (ALS) in the Lawrence Berkeley National Laboratory 

(LBNL). All protein samples for SAXS were suspended in the protein storage buffer, 

composed of 20 mM HEPES at pH 8.0, 500 mM NaCl, 10 % (v/v) glycerol, and 5 mM 

DTT containing four complete protease inhibitor tablets in 400 mL. All the suspensions 

were filtered through 0.1 µm membranes (Millipore, Bedford, MA) and a total of 10% 

glycerol was added to reduce radiation damage (2). 

At SSRL, the beam energy and current were 11 keV and 200 mA, respectively. A 

silver behenate sample was used to calibrate the q-range and detector distance. Data 

collection was controlled with Blu-Ice (3). We used an automatic sample delivery system 

equipped with a 1.5 mm-diameter thin-wall quartz capillary within which a sample 
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aliquot was oscillated in the X-ray beam to minimize radiation damage (4). The sample 

was placed at 1.7 meter from a MX225-HE (Rayonix, USA) CCD detector with a binned 

pixel size of 293 µm by 293 µm. Ten to 24 1-3 sec exposures were made for each 

protein sample maintained at 15ºC. Each of the diffraction images was scaled using the 

transmitted beam intensity, azimuthally integrated by SASTool 

(http://ssrl.slac.stanford.edu/~saxs/analysis/sastool.htm, formarly called MarParse), and 

averaged to obtain fully processed data in the form of intensity versus q [q=4πsin(θ)/λ, 

θ=one-half of the scattering angle; λ=X-ray wavelength]. The buffer profile was obtained 

in the same manner and subtracted from a protein profile. 

At ALS, samples were prepared on a 96-well plate and kept at 10oC until SAXS 

measurement. An automatic sample delivery system equipped with a Hamilton pipetting 

robot was used (5). SAXS data were collected on a MAR165 area detector (Rayonix, 

USA), placed at 1.5 m from the SAXS sample cell. Exposures of 2 sec/10 sec/2 sec 

were made in series for each protein sample maintained at 10oC. The SAXS data 

obtained at ALS were processed identically to the SSRL data, by using the ogreNew 

software.  

The average of the lower scattering angle parts (q < 0.15 Å-1) of the lower 

concentration profiles (0.5-1.0 mg/mL) and the average of the higher scattering angle 

parts (q > 0.12 Å-1) of the higher concentration (1.5-5.0 or higher mg/mL) profiles were 

merged to obtain the final experimental SAXS profiles. 

 

Negative-stain electron microscopy (EM) of ScNup1332-1157  

A 2.5 ml drop of purified recombinant ScNup1332-1157 at concentration of 0.05 
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mg/ml was applied to glow-discharged carbon-coated copper grids. The grids were 

washed with two drops of deionized water and rinsed with two drops of freshly prepared 

0.75% uranyl formate, then stained for a minute and air-dried. The EM images of 

ScNup1332-1157 were collected at room temperature on a Philips Tecnai T20 (FEI Inc., 

USA) transmission electron microscope operating at an accelerating voltage of 200 kV 

at 50,000x magnification and underfocus ~1 µm. Images were recorded on a 2048 × 

2048 CCD camera (Gatan Megascan 795, 30 µm pixel size) using a camera length of 

3000 mm and a selected area aperture of 70 µm (6). The pixel size at the specimen 

level was 2.28739 Å. 1976 individual particles were selected interactively from images 

using Boxer from EMAN (7), and windowed into individual particle  images with a size of 

120x120 pixels. The side length of the images was chosen to be approximately twice 

the length of the longest particle dimension. The contrast transfer function (CTF) of the 

images was determined using ctfit from EMAN and the phases flipped accordingly. The 

particles were normalized and subjected to the Iterative Stable Alignment and 

Clustering (ISAC) (8) method to produce stable 2D class averages, resulting in 1530 

particles selected for 23 stable class averages (Figure 3C). The program was run 

iteratively for 10 generations in total; after each generation, stable particles were 

removed from the stack and the program was re-run with unclassified particles until no 

new classes were found. A pixel error (thld_err) of 2√3 was used for the stability 

threshold.  The other parameters used for running ISAC are img_per_grp (number of 

images per class in the ideal case) of 150 and ou (outer ring of the resampling to polar 

coordinates) of 30. 
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Conformational Sampling using AllosMod 

The initial model of ScNup1332-1157 was subjected to molecular dynamics-based 

conformational sampling, using AllosMod (http://salilab.org/allosmod) (9). We repeated 

AllosMod 7 times with varying input parameter sets of MDTEMP, DEVIATION and 

LOCALRIGID, and each of the 7 runs generated 1,000 conformations independently; 

MDTEMP is the temperature (in degrees Kelvin) for the simulation; DEVIATION is the 

distance (in Ångstroms) that the atoms will be randomized when creating the initial 

structure; LOCALRIGID is a value of True or False. If set to True, secondary structure, 

corresponding to the input PDB files, will have increased stability in the simulation. 

Increased stability is maintained by increasing the energy by a factor of 10 for all C 

alpha-C alpha contacts between 2 and 5 residues apart. The parameter sets for each of 

the 7 independent AllosMod runs are summarized, as follows. 

 

1st run of Basic 300K: MDTEMP = 300, DEVIATION = 5, LOCALRIGID = False 

2nd run of Basic 310K: MDTEMP = 310, DEVIATION = 5, LOCALRIGID = False 

3rd run of Basic 320K: MDTEMP = 320, DEVIATION = 5, LOCALRIGID = False 

4th run of Basic 350K: MDTEMP = 350, DEVIATION = 5, LOCALRIGID = False 

5th run of Intermediate 300K: MDTEMP = 300, DEVIATION = 10, LOCALRIGID = True 

6th run of Intermediate 325K: MDTEMP = 325, DEVIATION = 10, LOCALRIGID = True 

7th run of Intermediate 350K: MDTEMP = 350, DEVIATION = 10, LOCALRIGID = True 

 

Files for the input data, script, and output models are available at 

http://salilab.org/nup133. 
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Annotating the potential ArfGAP1 lipid packing sensor (ALPS) motifs 

We annotated 5 potential ALPS motifs in the β-propeller N-terminal domain for 

HsNup133 (Supplemental Figure S2A), VpNup133 (Supplemental Figure S2B), 

ScNup133 (Supplemental Figure S2C), and ScNup120 (Supplemental Figures S2 D-E). 

The potential ALPS motifs (red) are visualized in their corresponding structures (gray) 

using UCSF Chimera (10), and highlighted by the blue circles. The helical-wheel 

representations of the potential ALPS motifs are also shown, with an arrow in the center 

of the helical-wheel representing the direction and strength of the mean hydrophobic 

moment of the corresponding ALPS motif. Each table in the Supplemental Figure S2 A-

E was generated on the HeliQuest web-server (11), summarizing the physico-chemical 

properties and the contents of the polar residues and non-polar residues, as well as the 

hydrophoboic face in the corresponding ALPS motif. 
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Supplemental Figure S1. Sequence alignment of the 8 fungal Nup133s 
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Supplemental Figure S2 (A). The ALPS motif of HsNup133245-267 and its property 

 

Supplemental Figure S2 (B). The potential ALPS motif of VpNup133267-288 and its property 



11 

 

Supplemental Figure S2 (C). The potential ALPS motif of ScNup133252-270 and its property 

 

Supplemental Figure S2 (D). The potential ALPS motif of ScNup120135-152  and its property 
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Supplemental Figure S2 (E). The potential ALPS motif of ScNup120197-216  and its property 
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Supplemental Figure S3. The schematic construct design of Vp and ScNup133 

Nup133 is divided into the N-terminal β-propeller and the C-terminal α-solenoid 

domains, in an iterative manual process relying on predicted secondary structure, gaps 

in multiple sequence alignments, and sequence–structure alignment by threading (12). 

We cloned, expressed, and purified the resulting 18 constructs of ScNup133; 7 

constructs (bars in red) covering the N-terminal domain, 8 constructs (bars in yellow) 

covering the C-terminal domain, and 3 remaining constructs (bars in violet) covering the 

both domains partially or entirely. The N-terminal domain of Vanderwaltozyma 

polyspora Nup133 covering residues 55 to 502 (VpNup13355-502) was also cloned, 

expressed, and purified. 
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Supplemental Figure S4 (A). Summary of SAXS profiles for 18 nested ScNup133 

constructs (N-terminal β-propellers). 

The plots were prepared by FoXS webserver (http://salilab.org/foxs) (13, 14). For 

each construct, the structure shown is the best-scoring model. The residual 

(experimental intensity / calculated intensity) plot is also shown below the corresponding 

SAXS profile. 
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Supplemental Figure S4 (B). Summary of SAXS profiles for 18 nested ScNup133 

constructs (C-terminal α-solenoids). 

See the legend for Supplemental Figure S4 (A) 
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Supplemental Figure S4 (C). Summary of SAXS profiles for 18 nested ScNup133 

constructs (N-terminal β-propellers + C-terminal α-solenoids) 

See the legend for Supplemental Figure S4 (A) 
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Supplemental Table S1. Summary of the constructs of ScNup133 and VpNup133 

The chi (χ) values were computed by fitting the theoretical SAXS profile for the 

comparative model to the corresponding experimental SAXS profile, using FoXS (13, 

14). The clones listed are all available from DNASU plasmid repository 

(https://dnasu.org/DNASU/Home.do). 
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Supplemental Table S2. Mutational analysis of the ScNup133 - ScNup84 interface 

Maximally disruptive mutations were predicted by program EGAD (15), at the 

target residues with large solvent accessibility change (residues of L922, L929, and 

L933) calculated by MODELLER (16). The values of “dddG” and “ddGfree” in the table 

are shown in kcal / mol unit. 
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Supplemental Table S3. Summary of the em2D Z-scores and cross-correlation 

coefficients, calculated for the multi-state model of ScNup1332-1157 

Each of the 23 EM class averages was attempted to be assigned to one or more 

of the 4 conformations in the multi-state model: An EM class average is assigned to a 

conformation when its em2D Z-score is less than -0.95 and the cross-correlation 

coefficient is higher than 0.82 or 0.85. As a result, EM class 23 was not assigned to any 

conformation. The assigned classes are indicated by color for each conformation. 
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